Practical air-breathing pulse detonation engines (PDE) will be based on storable liquid hydrocarbon fuels such as JP-10 or Jet A. However, without significant advances in initiation technology, such fuels are not optimal for PDE operation due to the high energy input required for direct initiation of a detonation and the long deflagration-todetonation transition times associated with low-energy initiators. In an effort to utilize such conventional liquid fuels and still maintain the performance of the lighter and more sensitive hydrocarbon fuels, various fuel modification schemes such as thermal cracking, catalytic cracking, and partial oxidation have been investigated.
Nomenclature
Area i area under detector signal for region i f number of carbon atoms in fictitious product compound g number of hydrogen atoms in fictitious product compound m C i mass of carbon atoms in region i M f mass of liquid fuel injected into system M p mass of products in system n normalized number of moles, 14/φ n 1 number of moles before first burn n C,i number of carbon atoms in region i n f moles of liquid fuel injected into system (n p ) 1 number of cooled moles of products from the first burn n p moles of products in system P (t) instantaneous pressure of reactor panel P 1 initial pressure before first burn P 2 initial pressure before second burn (P max ) 1 maximum pressure of first burn (P max ) 2 maximum pressure of second burn (P p ) 1 final pressure of cooled products after first burn Q heat release of mixturẽ R universal gas constant t time T temperature V volume of combustion vessel V (t) instantaneous volume of reactor panel W f molecular weight of liquid fuel W p molecular weight of fictitious product compound x i mole fraction of carbon atoms in region i y carbon mass fraction of all regions where i = JP-10 y i carbon mass fraction in region i ∆P difference between maximum combustion pressure and initial pressure ∆V f volume of liquid fuel injected into system effectiveness factor γ ratio of specific heats φ equivalence ratio ρ f density of liquid fuel
Introduction
Pulse detonation engine (PDE) research has primarily been conducted with hydrocarbon fuels such as acetylene, ethylene, and hydrogen due to their ease of use in laboratory experiments. These light gaseous fuels have lower boiling points and reduced critical energies of initiation than storable liquid hydrocarbon fuels (i.e., JP-10 and Jet A) eliminating the need for high-energy ignition systems and heated test facilities. However, gaseous fuels require special storage and dispensing facilities which reduce the available payload capacity in addition to not meeting the engine cooling requirements for operation at supersonic flight speeds. Gaseous fuels also pose severe explosion hazards in comparison with liquids. For these reasons, liquid hydrocarbon fuels are essential for practical propulsion systems and special techniques of initiation or fuel modification will be needed in order to use these fuels in PDEs.
This paper presents the results of three studies that experimentally modify the JP-10 molecule in an effort to increase its sensitivity to detonation initiation. The modifications include hydrocarbon cracking of the parent JP-10 molecule into lower-molecular-weight hydrocarbons by thermal cracking at elevated temperatures and catalytic cracking with commercial zeolites. The tests are conducted in a benchtop reactor while product distributions are measured with a gas chromatograph. The mechanism of pre-mixed partial oxidation is tested in an explosion vessel. Pressure history measurements provided a measure of the effective energy content of the different mixtures tested. The results of the three studies have not been analyzed with respect to possible reaction mechanisms and pathways but rather to determine the feasibility of hydrocarbon cracking of JP-10 as a means of fuel sensitization for low-energy detonation initiation in PDEs.
Previous experimental work [1] [2] [3] has studied the detonation properties of a sensitized fuel containing additives such as methane, acetylene, ethers, and nitrates.
Results of these studies found that additives are not an effective means of reducing the detonation sensitivity, and in some cases, were found to lengthen the time to detonation transition. Other means of reducing the critical ignition energy for PDE applications have included a separate driver section upstream of the main detonation tube. Under the correct conditions, a separate driver has enabled less sensitive mixtures to detonate; however, this method does not eliminate the need for a sensitive gaseous fuel and oxidizer. Thus, the additional payload capacity gained by using the storable liquid hydrocarbon fuels is reduced. If JP-10 is to be used directly in hypersonic flight, temperatures are expected to be near or above the auto-ignition temperature of the fuel. Zhang et al. 4 completed detonation studies of JP-10 vapor detonation near the auto-ignition temperature observing a significant increase in cell size with a corresponding increase in the initiation energy. An alternative to pre-initiator systems is chemical modification of the fuel producing a mixture of molecules that are smaller than the parent molecule and, hopefully, easier to detonate.
Why study JP-10?
We study JP-10 ( Fig. 1 ) because it is a popular missile fuel due to its increased energy storage through strained cyclic geometries 5 and is considered ideal for volume-limited applications.
6 Because JP-10 is a single-component hydrocarbon, results of testing with the neat fuel is less variable than tests with other kerosene-based fuels in which their composition is based only on specifications on boiling range, vapor pressure, contaminants, and freezing point such as RP-1, Jet A, or 7, 8. 7 Little is known of JP- 10's high temperature chemistry since few experiments identifying the hydrocarbon cracking mechanisms have been completed. However, experiments on detonation pressure, detonation wave speed, and cell width have been completed in JP-10 mixtures and mixtures representative of decomposed JP-10.
1 Both the high initiation energy and large cell size characteristic of JP-10 mixtures indicate low mixture sensitivity to detonation initiation. JP-10 does have a similar cell size to propane (Fig. 2) with similar difficulties in initiation. Schauer et al. 8 have achieved detonations in propane-air mixtures, but only for a limited range of equivalence ratios.
Benchtop reactor facility
A benchtop reactor facility, consisting of a "reactor panel" and a gas chromatograph (GC), was constructed for the thermal and catalytic cracking experiments (Fig. 3) . The flow path of the JP-10 fuel is better illustrated in the schematic of Fig. 4 . The liquid JP-10, initially contained in the buret, is pumped into the evaporator by a fuel pump through the fuel inlet valve (FIV). The fuel pump is a precision metering pump capable of flow rates between 0.025 and 1.5 ml/min. A backpressure on the pump of at least 5 kPa is required to prevent flow-through, so the system is initially pressurized by industrial nitrogen via the gas inlet valve (GIV). The evaporator consists of a 200-ml cylindrical vessel with Swagelok fittings welded to the top and bottom end flanges and is heated to 270±2
• C for vaporization of the fuel which then travels into a temperature controlled reactor. Within this reactor, the fuel will come into contact with the zeolite catalyst, if installed, and be cracked into lower-molecular-weight hydrocarbons.
The reactor contains a 1/2-inch diameter stainless steel tube encased by two copper blocks . Cartridge heaters embedded in the copper blocks allowed operation up to 500±2
• C. A pressure gauge, labeled as P1 on Fig. 4 , is located at the reactor outlet. Upon exiting the reactor, the products flow through the outlet plumbing and enter the heated accumulator from which samples are taken by the GC.
The accumulator consists of a stainless steel vessel that can change its volume through an internal piston to a maximum of 1875±1 cc. It is heated to 230±10
• C. Orientation of the upstream needle valves (A1, A2, and A3 of Fig. 4 ) allow the accumulator to be operated in a filling or emptying mode. In the filling mode, all flow from the reactor is directed into the accumulator. In the emptying mode, all flow is directed out of the accumulator to the GC. A constant backpressure may be supplied to the bottom of the accumulator piston by adjusting a venting regulator supplied with industrial air.
All connections between the main panel components were heated to a nominal temperature of 200±10
• C with rope heaters and made with stainless steel tubing and Swagelok connectors. The heated components and associated connections were grouped into four heating zones, each with a dedicated temperature controller. A vacuum pump was attached to the system outlet in parallel with the GC and downstream of the vacuum isolation valve (VIV). Refer to Cooper and Shepherd 9 for additional specifics of the experimental facility.
Gas chromatography
A capillary GC (Agilent 6890 Series) was connected to the reactor panel outlet for product component analysis. The capillary column has a stationary phase of HP-5 (crosslinked 5% Phenyl Methyl Siloxane) with dimensions of 30 m × 0.32 mm × 0.25 µm. The carrier gas was ultra-high-purity helium and a flame ionization detector (FID) quantified the column effluent.
Samples from the accumulator were taken by a 0.25-ml sampling loop and the pneumatic, gas sampling valve of the GC. Due to the size of our reactor panel and associated tubing, sample injections were often too large resulting in column saturation and non-optimal GC operation. In an effort to reduce the sample size and prevent column saturation, the inlet split ratio was set to the maximum value of 400:1 at an inlet temperature of 250
• C. The column flow was 2 ml/min. Because of the low conversion of the parent molecule into product species, the column continued to be saturated with JP-10 during each test. To promote component separation and ordering of the elution times by each component boiling temperature, an oven program of hold for 3 minutes at 30
• C, ramp to 200
• C at a rate of 10
• C/min and hold at 200 • C for 3 minutes was used in each analysis. Residual hydrocarbon, especially JP-10, in the stainless steel plumbing was observed and found to be difficult to flush from the system between each test.
Initial GC testing yielded retention times for the alkanes between C 5 and C 12 in addition to JP-10 and found that they were ordered by their boiling temperature as expected ( in which compounds with the same carbon number are expected to elute from the column also appear in Fig. 5 . Woodrow 10 used this technique as a means of quantifying the composition of Jet A vapor since detailed component analysis is not possible with a FID. The FID signal is proportional to the number of carbon atoms eluting at a given time. By integrating this signal over a range of retention times, the resulting area Area i under the FID signal is proportional to the number of carbon atoms n C,i in that region.
The areas assigned to retention times in each region are summed. The summed areas in each region are divided by the summed areas in all regions,
resulting in an associated mole fraction x i of carbon atoms for each region of FID signal integration. Since the FID determines only the number of carbon atoms, this is also the mass fraction y i for that region.
The resulting carbon mass fraction is what is being reported in the subsequent sections of this report. We report this instead of number density or mass fraction of a particular species since we do not know exactly what species are being eluted. Speciation would require further analysis by a GC/MS. Although we have calibrated the retention times with pure hydrocarbon test species, the actual reactor products will involve species other than those used for calibration. Reactor product species are not assured to be ordered in terms of the carbon number in exactly the same fashion as the calibration species. Reducing the FID output in terms of carbon mass instead of species amount eliminates possible over or under counting of species in this situation. The ratio of hydrogen to carbon is also not known for the reactor products. While this makes only a modest difference in determining the molar mass, it prevents us from precisely determining the mass fraction on a species basis. Since C is 12 times heavier than H, as long as the H/C ratio does not vary too wildly, then the carbon mass ratio distribution will be similar to the actual species mass distribution.
In conclusion, without a great deal of further analysis, what the FID reports is proportional to the mass of carbon atoms. The data reduction does not account for the hydrogens and the reported mass fraction y i is strictly on a carbon-only basis.
Experimental procedure and data reduction methods
After heating the system to the desired operating temperatures as described above and in more detail in Cooper and Shepherd, 9 the system was evacuated and subsequently filled with nitrogen to a pressure slightly above atmosphere to obtain the required backpressure on the fuel pump. The FIV was opened, the accumulator was set to filling mode, and the test was started by turning on the fuel pump. At regular time intervals, the elapsed time, buret liquid level, system pressure, and accumulator position were recorded.
A volume of 4.8±0. 12-15 The zeolite catalyst was observed to coke significantly during a single test so that fresh catalyst was installed before each test.
After injecting the desired amount of JP-10, the fuel pump was shut off and the FIV closed. A baseline run was conducted with the GC by taking a gas sample from the evacuated plumbing between the GC and valve A3 (as labeled in Fig. 4) . The accumulator was set to emptying mode and valve A3 was held open allowing the products to flow through the sample loop. The GC sampling valve was cycled capturing a volume of the accumulator products for analysis. This GC sampling procedure was completed three times for most of the tests. Because of the run time determined by the oven program and subsequent cool down, samples from the accumulator were taken approximately 45 minutes apart. The baseline GC samples have been subtracted from the samples of the accumulator products.
Mole balance calculations
The moles of liquid fuel injected were compared to the moles of product created and we refer to these calculations as a mole balance. When JP-10 cracks into lower-molecular-weight components through the different mechanisms of hydrocarbon cracking, the number of product moles will increase. From the buret liquid level, system pressure, and accumulator position recorded during each test, the injected and product moles are calculated.
As fuel is injected into the system, the buret liquid level changes over time by an amount ∆V f . The mass, M f = ∆V f · ρ f , and moles, n f = M f /W f , of the injected fuel can be calculated with the known fuel density ρ f and molecular weight W f of liquid JP-10.
The moles of products in the system can be calculated with the ideal gas law (Eq. 4) given the instantaneous system pressure P (t) and volume V (t) along with the nominal system temperature T of 473 K. The instantaneous system volume is calculated from the accumulator position recorded at regular time intervals.
A single figure illustrating the mole balance is obtained by plotting the moles of products created n p as a function of the moles injected into the system n f . The slope of this line is the mole ratio, n p /n f , and is used as a key diagnostic in our tests. In our plots that follow, the solid line with n p /n f = 1 refers to the case of "zero conversion" of the fuel into lower molecular weight components. If there is a net mole increase due to reaction, the slope of the line is greater than one, n p /n f > 1. For a given liquid fuel flow rate, the accumulator volume increases more rapidly with time for a higher molar conversion ratio.
Mass balance calculations
While complete conversion of JP-10 to products was assumed in the mole balance calculations above, the actual conversion is usually quite incomplete and only a fraction y of the original mass of fuel is converted. The amount of JP-10 converted can be measured with the GC by determining the fraction of carbon mass in all the species other than JP-10. Using the notation of equation 3, the carbon mass fraction of species region i is y i and the conversion mass fraction is
which we express as %wt conversion (100 × y).
The mass conversion can be related to the mole ratio discussed previously by considering the mass balance for the processes in the reactor. The sequence of events in the reactor can be idealized as liquid injection, vaporization, reaction in the catalyst bed, and storage in the accumulator. The partial reaction of n f moles of JP-10 vapor can be represented schematically as
The hydrocarbon "Products" represent a notational species that has the average molar mass of the actual products and fictitious composition C f H g appropriate to the mixture. The products have an average molar mass of W p = 12f + g, where f and g represent an empirical composition appropriate to the mixture and are not necessarily integers. If all of the product species are correctly accounted for, then the hydrogento-carbon ratio f/g must equal 1.6 if we consider that the JP-10 either reacts or remains in the original state. GC measurements indicate that this appears to be the case.
From the reaction equation 6, the mass balance will be
This can be simplified to
This is the key relationship between mass conversion y, mole conversion n p /n f , and the average product molar mass W p . Using values of the mass and mole conversion obtained from the experiments enables us to predict the average product molar mass. Another way to look at this is as a relationship between molar conversion ratio and mass conversion fraction for a fixed average molar mass of the products.
Using this version of the relationship, the expected molar ratio can be predicted as a function of product molar mass and conversion ratio. The limiting cases are: no conversion, y = 0 and n p /n f = 1; complete conversion, y = 1 and
Thermal decomposition
Two studies have been completed previously investigating the thermal breakdown of JP-10. Green et al.
16 studied JP-10 pyrolysis in a flowing reactor with residence times of approximately 2 ms and temperatures up to 1500 K where a heated quartz tube was used eliminating the possibility of surface reactions. Product analysis with a GC-MS observed benzene at temperatures greater than 1250 K and cyclopentadiene below 1250 K. 16 Davidson et al. 5 investigated JP-10 pyrolysis behind a reflected shock at conditions between 1.2 to 1.5 bar and 1100 to 1700 K. The UV absorption cross-sections of the decomposition products did not show any benzene. This is possibly due to the short test time (∼50 µs) since benzene is expected to form through secondary chemical reactions at later times. 5 We conducted thermal cracking experiments in the benchtop reactor with a maximum reactor temperature of 500
• C to determine the amount of conversion of JP-10 into lower-molecular-weight species. Selected results are presented below to illustrate the major conclusions. The results for all of the individual tests can be found in their entirety in Cooper and Shepherd.
9

Results
The first tests investigated the effect of liquid fuel flow rate. Tests were conducted with liquid fuel flow rates of 2.3 g/hr, 6.2 g/hr, and 10.6 g/hr. Graphs of the calculated moles of product (based on instantaneous system temperature and pressure with Eq. 4) versus the injected moles of liquid fuel appear in Fig. 6 , 7, and 8. In each graph, the solid line represents the case of zero conversion and the dotted line represents the average of the experimental data at that flow rate.
The slope of these mole balances, called the mole ratio, corresponds to the number of moles of products divided by the number of moles of JP-10 injected into the system (Fig. 9 ). There is substantial scatter in this plot for the lowest flow rate (2.3 g/hr), where the mole ratios varied between 0.975 and 1.389. The scatter decreases for the intermediate flow rate (6.2 g/hr) and is minimal for the highest flow rate (10.6 g/hr). The reasons for the scatter at low flow rates is not obvious but the condition of the stainless steel tubing and fittings used for the reactor channel and plumbing are the obvious factors. It is known 15, 17 that stainless steel can exhibit catalytic activity and the effectiveness of this action will depend strongly on the surface condition of the steel. No attempt was made to control the surface condition in the present tests because that would have been very difficult to do in any case. The reactor plumbing was also very difficult to clean out, as mentioned previously, since the fittings contained many crevices that can trap fuel or decomposition products. Finally, in some tests, the total motion of the tell-tale on the accumulator was extremely small and the instantantous measurement of the system volume was subject to significant uncertainty.
Multiple GC samples were generally taken from the accumulator and were averaged enabling a direct comparison of the effect of fuel flow rate on the product species distribution (Fig. 10) . The percent conversion of JP-10 into products of lower molecular weight, as determined from the GC output, increases as the flow rate decreases ( Despite the variability, the cases at the two higher flow rates yielded average molar conversion ratios between 1.02 and 1.09 ( Fig. 10) and mass conversion amounts of less than 3% (Table 1) . Reducing the liquid fuel flow rate from 10.6 g/hr to 2.3 g/hr resulted in increasing the average mass conversion up to 6% in the most extreme case. 9 The variability in the mass conversion ratios is probably associated with the difficulty in flushing the JP-10 from the system between runs and the saturation of the column and detector due to the very high concentration of JP-10.
The mole ratio is plotted as a function of the mass conversion fraction in Fig. 11 . Clearly, the conversion amounts and the molar ratios have too much variability to draw any conclusions about an average molar mass of the products. However, it can be seen through these results that thermal decomposition of JP-10 at a temperature of 500 • C is not sufficient to promote adequate chemical breakdown. Converting at best 3% of the mass of JP-10 to lighter-weight compounds is unlikely to increase the fuel's sensitivity to detonation. 
Catalytic cracking
We investigate the use of a catalyst to accelerate the C-C bond fission reactions and increase the production of lower-molecular-weight components in the following experiments. The catalysts consisted of a porous, crystalline alumniosilicate of a specific molecular structure referred to as a zeolite. Commercial processes that produce gasoline and high grade military fuels from crude oils typically use fluidized bed reactors containing a mixture of zeolite catalyst and crude oil. 18, 19 Zeolite catalysts used in these harsh operating conditions of heavy oil cracking are typically of the faujausite (FAU) structure. 19 The HY zeolite studied here has the FAU structure.
Because of the shared oxygen atoms between the AlO 4 and SiO 4 tetrahedrals, the zeolite framework possesses a net negative charge which is balanced by the addition of protons. After proton addition, the zeolite becomes a strong Bronsted acid containing sites for hydrocarbon adsorption. 20 The number density and orientation of these active sites depend on the channel and cage dimensions as defined by the zeolites framework and can influence shape-selectivity of the cracking products. Molecules with dimensions larger than the zeolite pore dimensions typically can not enter the channels and obtain access to the internal active sites, but there are exceptions to this statement. Pore diameters of several common zeolite structures appear in Table 2 . It is important to note that these dimensions can vary slightly depending on the zeolite's hydration state and temperature. 21 Table 2 Pore diameters of common zeolites.
commonly referred to as "large pore" zeolites because they have supercages approximately 13Å in diameter which can accommodate large components. 22 Beta is an additional zeolite structure; however, there are few documented experiments using Beta to catalytically crack hydrocarbons.
The FAU and ZSM-5 zeolites have been found to deactivate quickly in reactions with hydrocarbons as a result of coke deposition.
20, 22 In an effort to create a zeolite that is more coke resistant, an ultra-stable form of zeolite Y (USY) was created. USY is known to produce more olefins due to decreased hydrogen transfer reactions, produce more aromatics due to a reduction in coke formation, and have a higher thermal stability than HY.
18 Additional attempts to reduce the coking tendency through structural improvements to the FAU structure have met with little success.
23, 24
A variety of studies have been completed with these zeolites. For example, normal alkanes 11, 14, 20, 24, 25 and heavy oils 23 have been studied extensively to characterize zeolite cracking properties in catalytic reforming reactions. Few studies 13, 26, 27 have investigated the cracking of JP-10 with zeolites. Additional studies 17, [26] [27] [28] have investigated the thermal and catalytic cracking of other liquid hydrocarbon fuels. In particular, some studies determined the fuel endothermicity for supersonic engine cooling applications 17, 26, 27 while others investigated the factors that affect deposit formation on the zeolite itself.
13, 29
Typically, the catalytic cracking results are corrected for the products generated due to the thermal cracking reactions. However, because the thermal cracking reactions in our experiments resulted in less than 3% conversion, we do not attempt to correct our catalytic cracking data.
Zeolite preparation
The zeolite Y powder with a Si/Al ratio (SAR) of 6.0 was obtained in sodium form. It was protonated by ion exchange with 1 M solution of aluminum nitrate at a ratio of 1 g of zeolite to 0.1 l of solution and allowed to stir for at least 12 hours. The zeolite was then filtered from the solution, a new solution made, and the zeolite returned to the flask for another 12 hours of mixing. This process was repeated 4 times.
After the fourth filtration, the zeolite powder was calcined in a temperature controlled oven under flowing dry nitrogen. The oven temperature was increased at a rate of 5
• C/min from 30 to 250 • C, held at 250
• C for 4 hrs, and then increased at the same rate to a temperature of 500
• C. It was held at this temperature for approximately 6 hrs.
The zeolite powder was formed into pellets by compressing the powder and sifting through two meshes of sizes #60 and #45. The pellets on the #60 mesh were saved for installation into the reactor.
When the zeolite became coked, the active sites were regenerated by heating the coked zeolite in an oven with flowing dry nitrogen as the temperature was increased from 30 to 200
• C at a rate of 1 • C/min. It was held at 200
• C for 3 hrs. Then the nitrogen supply was turned off and the air supply turned on. The temperature was increased again at the same rate to 550
• C then allowed to cool to room temperature in the air environment.
After installing the zeolite within the reactor tube, the reactor temperature was increased in a manner as to prevent destruction of the zeolite framework and to evaporate the absorbed water from the active sites. Under flowing nitrogen through the GIV of the reactor panel, the reactor temperature was ramped at a rate of 2.7
• C/min from room temperature to 250 • C and held at this temperature for 4 hours. A second temperature increase at the same rate to the desired reactor operating temperature (250, 300, 350, 425, or 500
• C) followed.
Results
Effect of zeolite activity
The catalyst was found to become coked after a single test at the nominal test conditions of approximately 4.8 ml of JP-10 injected and a reactor temperature of 500
• C. Thus, each test began by replacing the mass of coked zeolite pellets with those containing active sites. The active zeolites came from two batches (Fig. 12 ) prepared during the duration of the testing in addition to regeneration of the first batch (Fig. 13) . Since the zeolite activity was not verified by standard tests before installation, the conversion ratios provided the only available means with which to verify similar zeolite activity. The activity as measured by the mole balance seemed to be more consistent than the GC percent conversion (Table 3) . Table 3 Effect of zeolite activity on conversion.
The procedure described above could be used to successfully regenerate the zeolite activity. The ratio of product moles to injected moles was measured to be an average of 1.47 and 1.58 for the original and regenerated batches, respectively. The number of times the same zeolite pellets may be regenerated and still maintain high activity should be further investigated. The regeneration process is a useful means to restore zeolite activity but, over time, the molecular structure can degrade. Because of the significant coking observed in our tests, a higher regeneration temperature than values used in the heavy oil cracking industry was required. Holding the zeolite within this high temperature environment acts to accelerate the structural degradation of the zeolite.
Effect of liquid fuel flow rate
To compare the effect of liquid fuel flow rate on conversion, the data of Fig. 12 and Fig. 13 with HY zeolite at a reactor temperature of 500
• C were averaged. An overall average mole ratio of 1.70 and 1.51 for a flow rate of 2.3 g/hr and 10.6 g/hr, respectively, was calculated (Fig. 14) . Thus, 11.3% more moles of products were produced at the lower flow rate. The average product composition considering multiple GC samples for the above tests with HY zeolite at a reactor temperature of 500
• C appears in Fig. 15 . The variation in composition is slight with the lower fuel flow rate increasing the percent weight of the C 5 components approximately 2% and decreasing the coking products (>C 10 ) by a total of 9%. These large carbon number compounds are indicative of coke and coke precursors. The formation of these deposits is known to be accelerated at higher flow rates which correspond to higher Reynolds numbers. 13, 29 This agrees with our results. The overall average conversion of JP-10 with the HY zeolite at a fuel flow rate of 2.3 g/hr is 34% while the overall average conversion at a fuel flow rate of 10.6 g/hr is 41% (Table 4) . 
Effect of zeolite type
Zeolites Beta and ultrastable-Y (USY) were also tested in addition to HY at the nominal reactor conditions of 500
• C and a fuel flow rate of 2.3 g/hr. A single test was conducted with each zeolite and the mole balance results are compared with the overall average HY data at the same fuel flow rate (Fig. 16) . The USY had a much lower activity observed by a mole ratio of 1.14. The Beta and HY zeolites had similar activities as observed by mole ratios of 1.67 and 1.70, respectively. It should be noted that the pore diameters of HY and Beta (Table 2) are similar so comparable conversion of JP-10 into other compounds is expected.
The multiple GC samples for each test are averaged and compared to the average product distribution of HY (Fig. 17) . The overall average percent mass conversion of JP-10 was 70% for Beta and 11% for USY (Table 5 ). These are compared with the overall average conversion of HY at the same fuel flow rate of 34%. Beta has a greater relative percentage of C 5 components whereas USY has a greater relative percentage of C 6 compounds. Since USY cracks the JP-10 into larger compounds as compared with HY and Beta, the decreased conversion observed is not surprising. 
Comparison of catalytic and thermal cracking
The mole ratio increases from 1.11 to 1.70 at a flow rate of 2.3 g/hr and it increases from 1.02 to 1.51 at a flow rate of 10.6 g/hr when the catalyst is installed in the reactor (Table 6 ). A comparison of the overall average product compositions appears in Fig. 18 for a flow rate of 2.3 g/hr and Fig. 19 for a flow smaller carbon components, particularly the C 5 components. 
Effect of pressure
The effect of system pressure was also studied at a liquid fuel flow rate of 10.6 g/hr. The system was pressurized to 400 kPa of nitrogen before the FIV was opened or the fuel pump turned on. The bottom of the accumulator was also pressurized to 400 kPa with air. Due to the increased pressure, the piston movement was reduced resulting in increased uncertainty in the gauge reading as compared with the baseline tests. This is observed through a slight increase in the data point scatter of the mole balance results (Fig. 20) . The data are plotted with the overall average HY mole balance. The ratio of product moles to injected moles at the higher system pressure is 1.00 which is similar to the average mole ratio of 1.10 obtained by the thermal hydrocarbon cracking reactions. A look at the average product distribution from multiple GC samples (Fig. 21 ) yields a significant fraction of products with carbon numbers greater than 10. Thus, the higher pressure inhibits the cracking reactions that produce lower-molecular-weight compounds and enhances coking. This is expected because the higher pressure acts to increase the Reynolds number which is known to increase deposit formation. 13, 29 Additionally, by Le Chatlier's principle, an increase in the pressure would cause the chemical reactions to proceed in a manner decreasing the number of moles in the system. Thus, higher-molecular-weight species would be formed. The overall average conversion at a system pressure of 400 kPa is 53% versus the conversion at atmospheric pressure of 34% (Table 7) . Pressure (kPa) mole ratio % conversion 100 1.70 34 400
1.00 53 Table 7 Effect of system pressure on catalytic cracking tests with HY zeolite at a reactor temperature of 500
• C and a fuel flow rate of 10.6 g/hr.
Effect of reactor temperature
The effect of reactor temperature was studied with HY zeolite at a liquid fuel flow rate of 10.6 g/hr. The Carbon number Percent mass conversion (y * 100) Avg, 100 kPa 400 kPa mole balance data appear in Fig. 22 for five reactor temperatures between 250
• C and 500
• C. As the reactor temperature decreases, the mole ratio decreases resulting in a decrease in the conversion of JP-10 into smaller products (Fig. 23) . The overall averaged product distributions for the multiple samples at each reactor temperature appear in Fig. 24 .
The overall average conversion as a function of the reactor temperature appears in Table 8 .
Average molar mass of products
The mole ratio as a function of the average mass conversion fraction is plotted in Fig. 25 . The results show reasonable agreement with the simple model of a constant product average molar mass and indicate a reasonable correlation between observed mass con- 
Temperature (
• C) mole ratio % conversion 500 version fraction and molar ratio. Trial 17 (Fig. 12 ) from the dataset is not visible on this plot because the results are so extreme. We conclude that this point is suspect and should not be used in the overall correlation process. Also, the datasets at the reactor temperature of 250
• C and at a system pressure of 400 kPa were not included since JP-10 conversion was minimal as denoted by mole ratios of 1.0. These three conditions are set aside and the remainder of the data has been considered as acceptable. The estimated uncertainty in the mole ratio of the acceptable datasets is ±6.4% and the uncertainty in the average percent mass conversion is ±12.5%. The acceptable data can be fit to a line through the origin to obtain a slope of 1.07 with a regression coefficient of 0.75. Using the analysis of the mass balance calculations, the average molar mass of the products is estimated to be 0.48 · 136 g/mol or 65 ± 11 g/mol. The uncertainty in W p is estimated to be ±17%. Thus, the average number of carbon atoms is 4.8 ± 0.8 assuming a H/C ratio of 1.6. This is reasonable considering the actual distribution of product species and the expectation that breaking the JP-10 rings to form C 5 and C 6 species is the initial path of decomposition under these conditions.
Pre-mixed partial oxidation experiments
Experiments were conducted to determine the feasibility of creating partial oxidation products by using pre-mixed combustion. A series of experiments was carried out in an explosion vessel with mixtures of JP-10 and air. An initial burn of a rich mixture was used to create the partial oxidation products. These products were allowed to cool, air was added to create a stoichiometric mixture, and a second burn was performed. Pressure measurements, high-speed video schlieren, and ideal thermodynamic computations were used to characterize the mixtures. This section of the report describes the experimental facility, the test procedure, results, and analyses of the data.
Experimental facility and procedure
The experiments were carried out in an 11.25 liter explosion vessel, shown in Fig. 26 without the surrounding insulation. The vessel was equipped with an Endevco 8530B-200 pressure transducer, thermocouple, two-sided optical access for flame visualization, and a spark ignition system consisting of a capacitor discharge system and two electrodes. The facility was heated to an average of 380 K to vaporize the liquid JP-10 that was injected into the vessel through a selfsealing septum with a 1-cc syringe. A schlieren system was used to visualize the combustion fronts. The images were recorded on a Phantom IV digital camera at 512×512 resolution and 1000 frames/s. The schlieren video was used to determine the flame geometry and speed, and to verify flammability limits.
The test procedure began by evacuating the vessel and gas handling system with the vacuum pump. Liquid JP-10 was injected into the vessel to achieve a partial pressure of 1.4 kPa. Oxygen and nitrogen were then added to the vessel by the method of partial pressures (Table 9 ) to obtain the desired equivalence ratio.
P JP −10 Table 9 Partial pressures of the first burn's initial mixture for varying equivalence ratios.
A fan stirred the mixture for five minutes to ensure mixture homogeneity. A LabView program was used to synchronize ignition with recording the pressure signals and the schlieren images.
After combustion, the products quickly cooled (<2 min) to the vessel temperature and the final pressure of the products (P p ) 1 was recorded. Additional oxygen and nitrogen were then added to achieve an equivalent stoichiometric mixture at 100 kPa and 380 K. The amount of air added to the mixture was
The mixture was again stirred and the initial pressure P 2 recorded before the second burn was completed. Pressure histories and schlieren video were recorded.
Pressure and product composition results
The recorded pressure histories for the first burn appear in Fig. 27 and 28 . As the equivalence ratio increases and the mixture becomes increasingly richer, the maximum pressure of the first burn decreases. The flame develops very slowly and then is observed to extinguish in the schlieren images for the case of φ equal to 5 which explains the pressure rise of only 8 kPa. Equilibrium predictions of mole concentrations and pressures for the first burn were made with STANJAN. 30 Adiabatic, constant volume, completecombustion calculations were performed for each equivalence ratio at an initial temperature of 380 K and at initial pressures P 1 corresponding to the experimental conditions. The numbers of moles have been normalized by the initial moles of JP-10.
where n is 14/φ. Comparison between the equilibrium predictions and experimental values of ∆P 1 = (P max ) 1 − P 1 appears in Fig. 29 . Using the ideal gas law with the first law of thermodynamics, the maximum pressure rise during the combustion event can be related to the equivalent chemical energy release Q of the mixture.
As the equivalence ratio φ is increased, the effective energy release Q decreases since the C and H atoms are only partially oxidized. The corresponding normalized moles of products for the first burn of JP-10 and air at different equivalence ratios appear in Fig. 30 . At the stoichiometric condition (φ=1), the approximate reaction predicted by the equilibrium calculations is
All of the fuel is oxidized completely to major products, mostly CO 2 and H 2 O. At an equivalence ratio of 2.5, the approximate reaction predicted by the equilibrium calculation is
The fuel is oxidized to only CO and H After the first burn with JP-10 and air, the products were allowed to cool to the vessel temperature of 380 K. The ratio of initial and final pressures is equal to the ratio of product moles to the reactant moles by the ideal gas law since the vessel volume is constant.
Two predictions of the cooling process to the initial temperature of 380 K were conducted with STANJAN. The equilibrium case calculates the concentrations assuming the reactions progress extremely quickly and the composition is at equilibrium at 380 K. The frozen case calculates the concentrations assuming the reactions progress extremely slowly and the composition is fixed at that found for the adiabatic conditions associated with the first burn (Fig. 30) . The two predictions are compared with the experimental data in Fig. 31 . decreases with increasing equivalence ratio. For 1 < φ < 2.5, the temperature is sufficiently high that the reactions in the products proceed rapidly before heat transfer to the vessel walls reduces the gas temperature and the chemical reactions cease. For these cases, the equilibrium model appears to be appropriate. As the equivalence ratio increases, φ > 2.5, the peak temperature drops and the rate of the chemical reactions decreases. The reaction apparently does not have time to take place before the gas cools to the vessel temperature. For these cases, the frozen model appears to be appropriate. For equivalence ratios greater than 4, combustion produces a significant amount of soot, decreasing the final pressure relative to the predictions which do not account for the formation of carbon-containing solids. In addition, incomplete combustion occurs, resulting in a lower pressure rise in comparison to the complete combustion prediction. For equivalence ratios greater than 5, the combustion could not be initiated. This is consistent with the very low pressure rise observed at φ = 5 (Fig. 27) .
The normalized product distributions for the cool gas assuming equilibrium composition appear in Fig. 33 . For equivalence ratios near stoichiometric, the products are composed almost entirely of H 2 O and CO 2 . For the higher equivalence ratios, the products are composed almost entirely of CO and CH 4 . The product distribution for the cooled gas assuming a frozen composition is the same as in Fig. 30 .
After the products have cooled to the initial temperature of the vessel, oxygen and nitrogen are added to form an equivalent stoichiometric mixture. The mixture is ignited and the pressure histories are recorded. The initial pressure for the second burn after the addition of the oxygen and nitrogen is approximately 100 kPa. The recorded pressure histories for the second burn appear in Fig. 34 . As the first burn equivalence ratio increases, the maximum pressure of the second burn at an equivalent stoichiometric condition increases. This is a result of the partial oxidation products (CO, H 2 , and hydrocarbons) of the first burn now being fully oxidized by the added oxygen. No second burn was achieved for values of φ less than 2.5 since only a very small fraction of the products of the first burn are incompletely oxidized. In these cases, the mixtures are too lean to be flammable. Adiabatic, constant volume explosion pressure and species computations were carried out with STANJAN for the second burn. These computations were done using both frozen and equilibrium compositions resulting from the first burn. The predictions are compared with the experimental data for ∆P 2 in Fig. 35 . The horizontal lines in the figure correspond to the maximum pressure rise realized for the experimental data (548 kPa) and the predicted value (615 kPa) for stoichiometric combustion of JP-10 and air at 100 kPa and 380 K. In both the predicted and experimental cases, the maximum pressure rise obtained by combusting products of rich JP-10 combustion in air is less than the pressure rise obtained by combusting a stoichiometric mixture of JP-10 in air. Equivalence ratio
Equilibrium calculation Frozen calculation Experiment
Experimental value for φ=1
Predicted value for φ=1 We define an effectiveness factor for the second
The effectiveness is a measure of chemical energy conversion in the second burn as compared to that obtained by the stoichiometric combustion of JP-10 in air at the same initial conditions. The effectiveness is zero for cases in which no first (φ ≥ 5) or second (φ < 2.5) combustion event occurred. In both the ex- perimental data and predictions based on equilibrium calculations, the effectiveness is always less than 1 implying that partial oxidation releases less energy than would be released if JP-10 in air at stoichiometric conditions was burned directly (Fig. 36) . The equilibrium product distributions have been computed for the second burn. The case of starting with the frozen composition (Fig. 30) for the first burn is shown in Fig. 37 . The case of starting with the equilibrium composition (Fig. 33) for the first burn is shown in Fig. 38 . In both cases, the results have been normalized to one mole of fuel and the major products are CO 2 , H 2 , and CO.
A decrease in the product concentrations of CO 2 and H 2 O occurs as the first burn equivalence ratio increases ( Fig. 38 and 37) . The maximum temperature of the second burn increases with equivalence ratio as shown in Fig. 39 . Thus, the decrease in CO 2 and H 2 O can be attributed to dissociation at the higher temperatures. The slightly higher temperature for the reaction with the frozen reactants results in more dissociation as compared to the reactants from the equilibrium case.
Schlieren images visualizing the flame front at equivalence ratios of 1, 3, and 5 were recorded. Successive images were used to determine the flame velocity as a function of the changing radius over time. The laminar burning speed was derived from these measurements as described in detail in Cooper and Shepherd. Equivalence ratio Normalized product moles Equivalence ratio Normalized product moles 
Conclusions
Three mechanisms of JP-10 hydrocarbon cracking have been investigated. Product compositions and conversion percentages were quantified for thermal decomposition and catalytic cracking experiments in a benchtop reactor. Pre-mixed partial oxidation experiments were conducted in an explosion vessel and maximum pressures were measured in addition to quantifiying a burning efficiency. Thermal cracking experiments at a reactor temperature of 500
• C and liquid fuel flow rates between 2.3 and 10.6 g/hr yielded conversion ratios of approximately 3% and less. Small increases, less than a few tenths of a percent, were observed in the C 5 and C 6 amounts. The mechanism of thermal cracking at 500
• C appears to have no significant benefit for increased efficiency of detonation initiation. Thermal reactions will likely increase for reactor temperatures greater than 500
• C, however, it remains to be seen whether conversion ratios on the order of the catalytic cracking reactions could ever be reached by thermal cracking alone.
The effect of the liquid fuel flow rate on JP-10 conversion was studied in both the thermal and catalytic cracking tests. In both cases, the amount of JP-10 conversion increased as the liquid fuel flow rate decreased. However, the changes were modest and the average conversion was found to increase less than 10% in the most extreme case. Because of the increased residence time of the molecules in the heated reactor plumbing at the lower flow rates, chemical reactions had more time to initiate and for surface reactions to occur. Due to the size of our system and the fuel pump capabilities, testing at lower flow rates was not easily achieved without significant repeatibility issues. Testing at even lower flow rates may observe higher conversion ratios, but coking is likely to become more of a problem since deposit formation is accelerated as the Reynolds number decreases.
Three zeolites (HY, USY, and Beta) were tested to determine their effect on the conversion ratio. HY is known as a large-pore zeolite commonly used in heavy oil cracking, while USY is a modified version of the Y zeolite designed to be more resistant to coke deposits. Beta has a larger range of pore dimensions suggesting it might be able to produce a greater variety of cracked products. The mole balance results were similar for HY and Beta, while USY was significantly lower. The USY zeolite was not observed to have a significant reduction in coking as compared to the others. It seems that none of these tested zeolites are optimal for hydrocarbon cracking with JP-10 due to the rapid deactivation by coke deposits and relatively low conversion ratios.
The effect of elevated system pressure on cracking was measured by applying a backpressure to the accumulator in addition to pressurizing the system with nitrogen to approximately 400 kPa. The movement of the accumulator position was significantly reduced for the case at 400 kPa as compared with the 100 kPa case as denoted by the reduced mole ratio. However, the GC analysis observed a greater conversion of JP-10 into higher-molecular-weight components.
A series of catalytic cracking tests was completed with the HY zeolite as a function of reactor temperature since chemical reactions are known to have a strong dependence on temperature. The conversion percent and mole balance both increase as the temperature in the reactor increases.
A comparison between the mole ratio and mass conversion fraction for the thermal cracking results yielded too much variability and an average molar mass of the products could not be determined. For catalytic cracking, however, the measured mole ratio was found to be an approximately linear function of the mass conversion fraction (Fig. 25) . This indicated that the average molar mass of the products is approximately constant. Using the mass balance and mole balance analysis for the overall reaction, the average molar mass of the products is estimated to be 65 ± 11 g/mol. Assuming that all the atoms are in a single notional molecule, the average number of carbon atoms is 4.8 ± 0.8 for an H/C ratio of 1.6.
Experiments were carried out in an explosion vessel to examine the feasibility of creating partial oxidation products with rich pre-mixed combustion. Mixtures of JP-10 and air could be combusted up to an equivalence ratio of 5. The rich flammability limit appears to be at about 5. The combustion products of rich mixtures with φ > 2 appear to be consistent with the products predicted by a frozen cooling of the adiabatic, equilibrium, constant volume explosion products.
For equivalence ratios between 2.5 and 4.5, it was possible to add a stoichiometric amount of air after the first burn and carry out a second burn. The peak pressure obtained in the second burn was consistent with equilibrium predictions assuming frozen product composition of the first burn. The peak pressure rise of the second burn was an increasing function of the first burn equivalence ratio and reaches a maximum value of about 95% of the stoichiometric peak pressure rise at an initial equivalence ratio of 4 to 4.5. We conclude that from an energetics point of view, partial oxidation should be carried out an equivalence ratio that is as high as possible while avoiding soot production. Soot production was evident in the present experiments as the equivalence ratio approached 5. Other properties such as flame speed, expansion ratio, and detonation cell size need to be examined to further constrain the choice of equivalence ratio.
